The purpose of this study was to analyze the dosimetry and investigate the clinical outcomes of radiationinduced rib fractures (RIRFs) after stereotactic body radiotherapy (SBRT). A total of 126 patients with Stage I primary lung cancer treated with SBRT, who had undergone follow-up computed tomography (CT) at least 12 months after SBRT and who had no previous overlapping radiation exposure were included in the study. We used the Mantel-Haenszel method and multiple logistic regression analysis to compare risk factors. We analyzed D(0.5 cm 3 ) (minimum absolute dose received by a 0.5-cm 3 volume) and identified each rib that received a biologically effective dose (BED) (BED3, using the linear-quadratic (LQ) formulation assuming an α/β = 3) of at least 50 Gy. Of the 126 patients, 46 (37%) suffered a total of 77 RIRFs. The median interval from SBRT to RIRF detection was 15 months (range, 3-56 months). The 3-year cumulative probabilities were 45% (95% CI, 34-56%) and 3% (95% CI, 0-6%), for Grades 1 and 2 RIRFs, respectively. Multivariate analysis showed that tumor location was a statistically significant risk factor for the development of Grade 1 RIRFs. Of the 77 RIRFs, 71 (92%) developed in the true ribs (ribs 1-7), and the remaining six developed in the false ribs (ribs 8-12). The BED3 associated with 10% and 50% probabilities of RIRF were 55 and 210 Gy to the true ribs and 240 and 260 Gy to the false ribs. We conclude that RIRFs develop more frequently in true ribs than in false ribs.
INTRODUCTION
Stereotactic body radiotherapy (SBRT) is a highly effective treatment for early-stage primary lung cancer. Local control rate is more than 80-90% in most series, and the 5-year survival rate is better than that reported with conventional radiotherapy, and may be equivalent to that of surgery [1] . Dose escalation is an important means of increasing the effect of radiotherapy and thereby of improving tumor control [2] . Dose escalation to the tumor also increases the dose to neighboring normal tissue. In general, the severity and incidence of acute and late radiation toxicities after SBRT is low [3] . Several studies have reported complications related to SBRT for lung cancer, including chest wall injuries such as radiation-induced rib fractures (RIRFs) [4] [5] [6] [7] [8] [9] [10] . To our knowledge, reports of RIRFs as a function of the dosevolume for SBRT and rib location are lacking. Previous analyses have not considered differences in doses to and fractures of the 'true' ribs (ribs 1-7, which articulate with the sternum) and 'false' ribs (ribs 8-12, which do not).
The purpose of this study was to analyze the dosimetry and investigate the clinical outcomes of RIRFs after SBRT, focusing on the effect of rib anatomy.
MATERIALS AND METHODS
The institutional review board approved the study protocol, including the chart review. We obtained written informed consent from each patient. Between July 2007 and December 2012, 184 patients with Stage I primary lung cancer were treated with SBRT. Inclusion criteria for the present study were availability of follow-up chest computed tomography (CT) images at least 12 months after SBRT, and no previous overlapping radiation exposure. Exclusion criteria were traumatic and malignant fractures by hearing patient life style; 58 patient were excluded for meeting these criteria.
The study included 95 men and 31 women with a median age of 76 years (range, 55-98 years). Of these, 82 patients (65%) had primary tumor sites in the upper or middle lobes, and 44 had them in the lower lobes. Stage IA disease was present in 99 patients and Stage IB disease in 27. Only 81 cases were histologically proven; the remaining 45 cases lacked histological proof as a result of age, location of the tumor, and complications such as high-grade chronic obstructive pulmonary disease (COPD) preventing biopsy. The most common histological type among the biopsied patients was adenocarcinoma (40%), followed by squamous cell carcinoma (18%), other histology (6%) and unknown (36%). Of the 126 patients, 64 were classified as ECOG performance status (PS) 0, 41 as PS-1, 12 as PS-2, 8 as PS-3, and 1 as PS-4. More than half the patients (56%) had multiple cancers: 44 had two, 14 had three, nine had four, two had five and one had six. Of the 113 sites of multiple cancers, 41 (36%) were the lung; 11 were the prostate and large intestine (each); 10 were the stomach; nine were the head and neck; eight were the liver; seven were the kidney; three were the urinary bladder, esophagus, breast, and malignant lymphoma (each); and 1 was the gall bladder, small intestine, uterine cervix, and thymus (each). When patients without histological proof had multiple cancers, the primary or metastatic nature of the lung lesions was determined by clinical and imaging factors. Of the lung primaries included in the study, 46 involved the left lung, and 80 involved the right lung.
Treatment procedure
Treatment planning and characteristics have been described previously [11] [12] [13] . In brief, treatment planning was done using commercial software (BrainSCAN ver. 5 [12] . Our previous report showed that a D95 to the PTV of 48 Gy using the PB algorithm was equivalent to a D95 to the PTV of 40 Gy and a D99 to the GTV of 44 Gy using the MC algorithm [12] . The dose fractionation schedules were based on tumor size and proximity to critical structures. The most common dose fractionation was 48 Gy in 4 fractions (n = 62), followed by 44 Gy in 4 fractions (n = 39). The other fractionation patterns were as follows: 11 patients received 60 Gy in 10 fractions; 7 received 50 Gy in 5 fractions; 2 received 54 Gy in 9 fractions; and 1 each received 56 Gy in 7 fractions, 60 Gy in 8 fractions, 58.5 Gy in 9 fractions, 70 Gy in 14 fractions, and 60 Gy in 12 fractions.
Follow-up and data analysis
We asked all patients to visit our clinic every three months after SBRT. Follow-up CT scans were acquired at each visit using the same CT scanner set at 120 kVp, 1.25-mm slice thickness, tube rotation time 0.5 s and pitch 1.5. An automatic exposure control determined tube currents (range, 50-300 mA). We measured the time to initial appearance of rib fractures from the first day of SBRT. We used the follow-up CT scans on the bone window setting to detect rib fractures, defining RIRF as a disruption of cortical continuity. We checked the follow-up CT scans for fractures anywhere in any rib, regardless of distance from the lesion, and assessed clinical symptoms associated with RIRFs by reviewing the clinical records and grading them using the National Cancer Institute Common Terminology Criteria for Adverse Events ver. 4.0 (NCI-CTCAE) [14] . The probabilities of RIRFs were calculated using the Kaplan-Meier method. The MantelHaenszel method and multiple logistic regression analysis were used for uni-and multivariate analyses to compare risk factors (age, treatment year, gender, stage, histology, multiple cancer, performance status, laterality, and target location).
We assessed D(0.5 cm 3 ) (minimum absolute dose received by a 0.5-cm 3 volume) to the rib, because Taremi et al. reported that D(0.5 cm 3 ) was the dosimetric parameter with the highest correlation with rib fracture [9] . The linear-quadratic (LQ) model was used to account for the fractionation effects of the different schemes being compared. We calculated the biologically effective dose (BED) with an α/β ratio of 3 Gy in each case. We performed dose-volume relationship analyses on all ribs (282 in total) receiving a BED3 of 50 Gy or more [8] . Due to a medially or centrally located target, six patients received significantly less than 50 Gy as BED3 to all ribs. We used logistic regression to predict the probability of occurrence of rib fracture by independent variable of D(0.5 cm 3 ), performing all statistical analyses using commercial software (SPSS ver. 19.0 ® IBM TM , Chicago IL, USA). The log-rank test was also used to determine the significance of differences in cumulative incidence of RIRFs between true and false ribs. Figure 1 shows representative axial dose distributions and images for one RIRF patient. The 3-year cumulative probabilities of Grades 1 and 2 RIRFs were 45% (95% CI, 34-56%) and 3% (95% CI, 0-6%), respectively (Fig. 2) . Almost all RIRFs were symptom-free and of NCI-CTCAE Grade 1; they were unexpectedly detected during the followup CT. Only three patients had Grade 2 RIRFs they reported a history of accidental thoracic trauma to existing symptomfree Grade 1 rib fractures. No patients had Grade 3 or higher RIRF symptoms.
RESULTS
Uni-and multivariate analyses showed that the target location was a statistically significant risk factor for the development of Grade 1 RIRF. The odds ratio for target location was 0.2823 (95% CI, 0.1086-0.7337; P = 0.0094). Patients with primary lesions in the upper and middle lobes had a higher incidence of RIRFs (46%); only 8 (19%) of the 43 patients with lower lobe lesions developed RIRFs (Table 1) .
Of the 126 patients, 46 (37%) had 77 RIRFs. Of the 77 RIRFs, 71 (92%) developed in the true ribs, and the remaining 6 (8%) developed in the false ribs. Based on 282 analyzed ribs, true rib fractures occurred in 31% (71/231) of ribs, and false rib fractures occurred in 12% (6/51) (Fig. 3) . The median time from SBRT to RIRF detection was 15 months (range, 3-56 months; Table 2 ) with a median follow-up of 30 months (range: 12-78 months). Of the 46 patients with rib fractures, 22 had fractured 1 rib, 18 had fractured 2, 5 had fractured 3, and 1 had fractured 4 ribs. In all cases of multiple rib fractures, neighboring ribs were involved. In some patients, the number of RIRFs increased over the follow-up period.
The overall incidence of RIRFs in the 282 ribs receiving a BED3 of 50 Gy or more was 27% (77/282). We found, for the D(0.5 cm 3 ) to a rib, the BED3 giving rise to a 10% and 50% probability of fracture were 76 and 256 Gy, respectively. When subdivided into true and false ribs, the BED3 giving rise to a 10% and 50% probability of RIRF were 55 and 210 Gy to the true ribs and 240 and 260 Gy to the false ribs, respectively (Fig. 4) . This difference was significant by the log-rank test (P = 0.009).
DISCUSSION
According to the literature, the incidence of RIRFs after SBRT for lung cancers varies from 21-41%, and the actuarial risk ranges between 27% and 45% [4] [5] [6] [7] [8] [9] . This wide variation may be attributable to patient selection and the dose threshold used. The treatment technique and dose fractionation, outcome measures, and follow-up procedures also differ widely among institutions. The median time from SBRT to initial RIRF detection, which was sometimes difficult to determine because of unclear clinical findings, generally ranged from 15-22 months in these previous studies ( Table 2) . Some studies have cited gender as an independent risk factor for RIRF after SBRT for lung cancer [4, 6, 8] . They estimated that postmenopausal women had a high risk of osteoporosis, with an accompanying high risk of RIRF. However, we did not recognize gender as a risk factor. One reason for this could be that our study included older patients (median age, 76 years; range, 55-98 years). Therefore, the risk factor of age may have superseded the one of gender. We previously reported significant differences between the characteristics of primary and metastatic lung cancer patients treated with SBRT at our institution, including age; patients with primary lung cancers were older than those with metastatic tumors [11] .
Another RIRF risk factor described previously is distance from the rib to the tumor (varying from <1.6-2.0 cm) [4, 7, 8] . However, it had not been demonstrated whether these data have scientific validity. Evaluation of distance from tumor to rib is not appropriate, because intensity-modulated radiation therapy (IMRT) and volumetric-modulated arc therapy (VMAT) techniques can decrease dose to the organ at risk (OAR), such as ribs. The multivariate analysis in our study showed that the target location was a statistically significant risk factor for the development of RIRFs. Of the 77 RIRFs, 71 (92%) developed in the true ribs, and the remaining 6 developed in the false ribs. To our knowledge, differences in G1 = Grade 1, RIRF = radiation-induced rib fracture, NSCLC = non-small cell lung cancer, PS = performance status. Significant difference *P < 0.05, **P < 0.01. the incidence of RIRFs between true and false ribs have not been clearly described in previous studies. Because Emami's classic paper regarding the tolerance of normal tissue did not seem appropriate to advanced precision radiotherapy [15] , Marks et al. proposed a new Quantitative Analysis of Normal Tissue Effects in the Clinic (QUANTEC) model [16] to help predict clinical outcomes. However, they could not propose a model specific to rib fractures because of the lack of clinical data and appropriate dosimetric parameters regarding RIRFs after SBRT or IMRT with a steep dose gradient administered to the affected ribs. Therefore, further information was necessary to establish the risk levels for RIRFs.
Pettersson et al. concluded that the risk of RIRF following hypofractionated SBRT was related to the dose administered to 2 cm 3 of the rib, which is a dose-volume-histogram parameter [5] . Taremi [9] . However, they did not recognize the anatomical characteristics of true and false ribs.
In our study, the BED3 associated with 10% and 50% probabilities of RIRF were 55 and 210 Gy to the true ribs and 240 and 260 Gy to the false ribs, respectively. The probability of RIRF was significantly different for true and false ribs, especially in lower doses to the rib. The difference in the probability of RIRFs between true and false ribs reduced with increasing dose to the rib.
A possible reason that fractures of false ribs are less common than fractures of true ribs is rib positions, length and flexibility. The number of analyzed false ribs is low, because the 11th and 12th ribs are not situated over lung parenchyma. Rib length increases from ribs 1 to 7, and decreases from ribs 8 to 12, with ribs 11 and 12 being shorter than any true rib. True ribs may be more likely to break because of the decreased flexibility caused by their being anchored at the costovertebral and sternocostal junctions. Rib fractures can be caused by the force of a patient's own muscles in instances such as severe coughing, twisting, and sports such as tennis and rugby. Since a stronger force is needed to fracture false ribs, similarly, a substantially higher SBRT dose is needed to cause RIRFs in false ribs. The location of the rib and the dose it receives are an important factor in RIRFs. Thus, a new dose-response concept recognizing the different risk to true and false ribs would likely be required.
Some factors that will add some uncertainty to the probability of fracture for each rib can be seen on the dosevolume histogram, LQ model, calculation algorithm, and breathing-related organ motion. The main issue is whether cell survival curves, in addition to LQ properties at doses per fraction delivered in standard fractionated radiation therapy, exhibit linear behavior at the larger doses per fraction delivered in hypofractionated radiation therapy [17] . Using PB and MC calculations, in general, there were significant dose differences to lung cancers with inhomogeneous density [13] . Abdominal compression with the Air Bag-system reduces movement of the diaphragm, which can decrease intrathoracic organ motion [12] . Fig. 4 . Dose-response functions for rib fractures, grouped by all ribs, the true ribs, and the false ribs. The BED3 associated with a 10% and 50% probability of RIRF were 55 and 210 Gy to the true ribs, and 240 and 260 Gy to the false ribs, respectively.
Although factors that can reduce rib dose relate to chest wall involvement by the tumor, a T1 lung cancer is unlikely to seed the entire pleural space without breaching the pleura [18] . IMRT, VMAT, and image-guided radiotherapy (IGRT) techniques can play an important role in reducing rib dose when the tumor is close to the chest wall [19] . 4D-IGRT with pre-treatment verification of the target position and online correction of errors can reduce safety margins effectively in pulmonary SBRT [20] , but this must be done with care [21] .
Although the incidence of RIRFs was high in our study, patients experienced little morbidity. We considered the treatment to be well tolerated because no severe adverse effects were observed. SBRT is a safe and effective treatment option for patients with early-stage lung cancer. RIRFs typically occur later, with a median time of onset of greater than 17 months after SBRT [6, 7, 9] . Most patients' RIRFs were asymptomatic. Grade 1 symptoms advanced to Grade 2 only through exacerbation of an existing RIRF from mechanical trauma. Patient education about fall prevention and avoidance of torso-twisting motions may help to lower the incidence of Grade 2 symptoms. Therefore, screening for and prevention of asymptomatic rib fractures may be clinically important.
In conclusion, target location adjacent to the true ribs is a statistically significant risk factor for the development of Grade 1 RIRFs after SBRT. RIRFs developed more frequently in the true ribs than in the false ribs. The BED3 associated with a 10% and 50% probability of RIRF were 55 and 210 Gy to the true ribs and 240 and 260 Gy to the false ribs, respectively. Every effort should be made to decrease rib dose, particularly to the true ribs, in order to reduce the risk of RIRF.
